Secreted proteins are important metabolic regulators in both healthy and disease states. Here, we sought to investigate the mechanism by which the secreted protein complement 1q-like-3 (C1ql3) regulates insulin secretion from pancreatic ␤-cells, a key process affecting whole-body glucose metabolism. We found that C1ql3 predominantly inhibits exendin-4 -and cAMP-stimulated insulin secretion from mouse and human islets. However, to a lesser extent, C1ql3 also reduced insulin secretion in response to KCl, the potassium channel blocker tolbutamide, and high glucose. Strikingly, C1ql3 did not affect insulin secretion stimulated by fatty acids, amino acids, or mitochondrial metabolites, either at low or submaximal glucose concentrations. Additionally, C1ql3 inhibited glucose-stimulated cAMP levels, and insulin secretion stimulated by exchange protein directly activated by cAMP-2 and protein kinase A. These results suggest that C1ql3 inhibits insulin secretion primarily by regulating cAMP signaling. The cell adhesion G proteincoupled receptor, brain angiogenesis inhibitor-3 (BAI3), is a C1ql3 receptor and is expressed in ␤-cells and in mouse and human islets, but its function in ␤-cells remained unknown. We found that siRNA-mediated Bai3 knockdown in INS1(832/13) cells increased glucose-stimulated insulin secretion. Furthermore, incubating the soluble C1ql3-binding fragment of the BAI3 protein completely blocked the inhibitory effects of C1ql3
on insulin secretion in response to cAMP. This suggests that BAI3 mediates the inhibitory effects of C1ql3 on insulin secretion from pancreatic ␤-cells. These findings demonstrate a novel regulatory mechanism by which C1ql3/BAI3 signaling causes an impairment of insulin secretion from ␤-cells, possibly contributing to the progression of type 2 diabetes in obesity.
Pancreatic ␤-cells secrete insulin in response to elevated glucose levels. Glucose enters the ␤-cells via glucose transporters, where it is oxidized via glycolysis to increase the ATP/ADP ratio and metabolic flux through mitochondria. An increase in the ATP/ADP ratio causes closure of the K ATP channel, which leads to membrane depolarization. This stimulates the influx of Ca 2ϩ ions into the cells via L-type calcium channels, resulting in the fusion of insulin granules to the plasma membrane and rapid release of insulin into the plasma (1, 2) . A more sustained release of insulin involves activation of cell signaling pathways in ␤-cells that are derived from the metabolism of nutrients (e.g. glucose, fatty acids, and amino acids), mitochondrial metabolites (e.g. isocitrate, glutamate, glutamine, malate, and ␣-ketoglutarate), incretin hormones (e.g. glucagon-like peptide-1 and gastric inhibitory peptide), neurotransmitters (e.g. GABA and vasoactive intestinal peptide), and secondary messengers (mono-and diacylglycerol) (3) . The mechanisms by which insulin secretagogues regulate the early and sustained phases of insulin secretion are not well-characterized. Specifically, there is a wide gap in our understanding of mechanisms regulating insulin secretion that lead to susceptibility to progress to type 2 diabetes (T2D) 2 (4 -6) .
The complement 1q (C1q)/tumor necrosis factor (Tnf) family is comprised of secreted proteins that are characterized by the presence of a N-terminal signal peptide, a short variable region with the conserved cysteine residue(s), a collagenous domain containing glycine-X-Y repeats, and a C-terminal globular C1q domain (7) (8) (9) . The C1q domain is characteristic of a target recognition protein that belongs to a classical complement pathway known to function in the innate immune response (10) . Moreover, the three-dimensional structure of the C1q domain is almost identical to the TNF homology domain of the Tnf␣ protein; thus, giving the name "C1q/Tnf family." The C1q/Tnf-related proteins (CTRP) are evolutionarily conserved from zebrafish to humans, and are similar in sequence and primary structure to adiponectin. Like adiponectin, they form higher order multimers, which can affect their protein function. However, the tissue expression profiles of CTRPs are different from adiponectin, suggesting distinct and unique cellular functions (7-9, 11, 12) . The role of CTRPs has been described in lipid and carbohydrate metabolism (8) , immunity (10) , inflammation (10) , and synapse homeostasis (13) (14) (15) . Overall, the mechanisms of action of CTRPs are not yet well-characterized.
Complement 1q-like-3 (C1ql3, also called CTRP13) is a soluble secreted protein whose primary structure resembles proteins encoded by highly homologous genes: C1ql-1, -2, and -4. It is expressed in the adipose and brain of lean mice (16) . Obesity, diet, or homozygosity for the Leptin Ob mutation increase the expression of C1ql3 in brain and adipose, whereas caloric restriction decreases its expression (17) . C1ql3 levels in serum were increased in Leptin Ob mice (17) . Wei and colleagues (16) have reported that C1ql3 regulates glucose metabolism. Recombinant C1ql3 protein increases basal-and insulin-stimulated glucose uptake in adipocytes and myocytes by adenosine monophosphate kinase activation. Moreover, in liver H4IIE cells, C1ql3 reduces glucose synthesis and decreases phosphorylation of Jun N-terminal kinase to alleviate fatty acid-induced insulin resistance by improving insulin signaling (16) . In the brain, C1ql3 administration decreases food intake, thus acting as an anorexigenic factor (17) . Finally, epidemiological studies have reported the association of serum C1ql3 with T2D and metabolic disorders in humans (18, 19) . These published studies suggest C1ql3 has an important regulatory role in glucose metabolism in response to nutritional changes.
Brain-specific angiogenesis inhibitor-3 (BAI3; also called Adgrb3) was identified as a cell-surface receptor for C1ql3 (20) . It is a cell-adhesion G protein-coupled receptor (GPCR) that binds with high-affinity to C1ql3 in a calciumdependent manner (14) . BAI3 contains a large extracellular N-terminal region, which includes a CUB domain, four thrombospondin type 1 repeats (the C1ql3-binding region) (20) , a hormone-binding domain, the GAIN domain, and a GPCR autoproteolysis site (GPS); the characteristic 7-transmembrane repeat of a GPCR; an intracellular ␣-helical RKR motif; and C-terminal PDZ domain-binding motif. BAI3 is expressed mainly in the brain with relatively low levels in skeletal muscle, lung, and testis (21) . In muscle cells, BAI3 is directly involved in myoblast fusion (22) . In the brain, BAI3 localizes with the postsynaptic marker, PSD95, and functions to regulate excitatory or maintenance of synapse (13, 20, (23) (24) (25) . The role of BAI3 in mediating the effects of C1ql3 on excitatory synapse activity has been reported by multiple groups; however, a role for BAI3 in glucose metabolism has not been described.
In screening for obesity-dependent secreted proteins, we identified that C1ql3 was most differentially expressed with obesity in islets of Leptin Ob C57B6/J (B6) mice compared with adipose, gastrocnemius, and liver. The role of C1ql3 as a regulator of ␤-cell function is not known in pancreatic islets. In the present study, we describe the mechanism by which the C1ql3/ BAI3 signaling pathway inhibits insulin secretion from pancreatic ␤-cells.
Results

Effect of C1ql3 on glucose-stimulated insulin secretion
For insulin secretion experiments, we first established that C1ql3 is a secreted protein (14, 16) . Hek293FT cells were transiently transfected with a mammalian expression plasmid encoding for C1ql3 along with GFP or GFP alone as control. After 36 h, a significant increase in the relative abundance of C1ql3 mRNA and protein was observed in cells transfected with C1ql3 compared with control plasmid (Fig. 1A) . A Western blotting performed using an anti-C1ql3 antibody demonstrate the presence of C1ql3 in the culture media of the Hek293FT cells that were transfected with C1ql3 compared with the control ( Fig. 1B) . Furthermore, the absence of GFP or actin protein abundance in the conditioned media suggests minimal crosscontamination of proteins due to cell lysis into the conditioned media. Altogether, these results show that C1ql3 is secreted from Hek293FT cells in the culture media. The C1ql3-conditioned media derived from Hek293FT cells was used in subsequent experiments.
The glucose concentration is the major determinant of ␤-cell function. Therefore, we determined the effect of C1ql3 on insulin secretion from mouse pancreatic islets at 3, 11, and 16.7 mM glucose concentrations. For these experiments, conditioned media containing native C1ql3 or control was used. Glucose caused a dose-dependent increase in insulin secretion, and C1ql3 inhibited 16.7 mM glucose-stimulated insulin secretion (GSIS) by 40% (p ϭ 0.0027). However, no inhibitory effect of C1ql3 was observed at low (3 mM) or submaximal (11 mM) glucose concentrations (Fig. 1C ). Furthermore, this inhibitory effect of C1ql3 on GSIS was not due to the alterations in the total cellular insulin content in the islets (Fig.  1D ). To establish the specificity of the inhibitory effects of C1ql3 on GSIS at 16.7 mM, insulin secretion experiments were repeated with and without anti-C1ql3 antibody or isotype-specific IgG control. C1ql3 inhibited high glucosestimulated insulin secretion, whereas the anti-C1ql3 antibody attenuated this response in a dose-dependent manner compared with the control IgG ( Fig. 1E, black bars) . As a control, no effect of the C1ql3 antibody or control IgG was observed on the high glucose-stimulated insulin secretion in the absence of C1ql3 (Fig. 1E ). This suggests that C1ql3 in the conditioned media modulates pancreatic ␤-cell function by regulating the secretion of insulin.
Effect of C1ql3 on membrane depolarized stimulated insulin secretion
High glucose can increase GSIS by causing depolarization of the plasma membrane or activation of amplification pathways, or both. Therefore, we performed experiments in mouse islets to determine which of these effects are regulated by C1ql3. Membrane-depolarized insulin secretion can be achieved by treating islets with the sulfonylurea, tolbutamide, or potassium chloride (KCl). Sulfonylureas cause the ATP-independent closure of the K ATP channel, which leads to membrane depolarization and influx of calcium in the ␤-cell, stimulating insulin secretion (26) . KCl causes an increase in insulin secretion by directly causing membrane depolarization (1) . Both KCl (40 mM) and tolbutamide (500 M) stimulated insulin secretion at low glucose (3 mM). C1ql3 inhibited KCl-and tolbutamidestimulated insulin secretion by 25% (p ϭ 0.036) and 33% (p ϭ 0.0018), respectively (Fig. 2, A and B) . Moreover, anti-C1ql3 antibody attenuated the inhibition by C1ql3 of KCl and tolbutamide-stimulated insulin secretion (Fig. 2, C and D) . These results suggest that the inhibition of insulin secretion by C1ql3 could potentially be mediated by the modulation of K ATP -dependent insulin secretion. The protein abundance of actin and GFP served as a control to show that there was no cross-contamination of C1ql3 from cells into the cell culture media. Freshly made C1ql3 and control CM were used for subsequent insulin secretion studies. C, mouse islets were harvest as described under "Experimental procedures." Islets were cultured overnight at 8 mM glucose. Next day, six size-matched islets were handpicked into each well of a 96-well plate. After preincubating islets with the supplemented RPMI media at 3 mM glucose for 45 min, the cell culture media was replaced with either C1ql3 or control CM with increasing dose of glucose. Insulin secreted in the media and total islet insulin content were determined by using ELISA as described under "Experimental procedures." The insulin secreted in the media in response to treatments was normalized to the total insulin (secreted plus cellular) and is reported as a percent of total (% Total). The values are mean Ϯ S.E. of n Ն 3 independent experiments. Moreover, three technical replicates were performed in each experiment. The asterisk (*) indicates that the p value is significantly lower (p Յ 0.05) for glucose-stimulated insulin secretion in the presence of C1ql3 compared with control CM-treated islets. D, the total insulin content (ng/ml) from islets in response to high glucose treatment was determined by ELISA. The values are the mean Ϯ S.E. of n Ն 3 independent experiments. E, insulin secretion from mouse islets was determined in response to high glucose treatment in the presence of C1ql3 and control CM. Additionally, the effect of two different doses of anti-C1ql3 or isotype control IgG antibody was determined on insulin secretion from mouse islets incubated with either control CM or C1ql3 CM. The values are mean Ϯ S.E. of n Ն 3 independent experiments. Each data point in the insulin secretion experiment is an average of three technical replicates. The asterisk (*) indicates that the p value is significantly lower (p Յ 0.05) for the glucose-stimulated insulin secretion in the presence of C1ql3 compared with the control treated islets. The hash mark (#) indicates that the p value (p Յ 0.05) is significantly lower for the insulin secreted from cells treated with the C1ql3 antibody and C1ql3 versus C1ql3 alone. 
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The amplification of GSIS can occur by a number of different pathways, including incretins, fatty acids, amino acids, mitochondrial metabolites, fatty acid oxidation, monoacylglycerol (MAG)-and diacylglycerol (DAG)-activated signaling pathways, among others (1, 3, 27, 28) . We systematically determined whether C1ql3 inhibits insulin secretion potentiated by each of these signaling pathways.
Metabolism of glucose increases the flux through mitochondria, which leads to the generation of metabolites such as ␣-ketoglutarate, malate, ketoisocaproate, glutamate, and isocitrate (see Fig. 3F for a pathway schematic). Treatment of mouse islets with each of these metabolites increased insulin secretion ( Fig.  3 , A-E, white bars). C1ql3 had no inhibitory effect on GSIS potentiated by any of these metabolites ( Fig. 3 
, A-E, black bars).
Another mechanism that can potentiate GSIS is activation of amino acid signaling pathways (see Fig. 4F for a pathway schematic). Mouse islets were treated with arginine, leucine, ketoisocaproate, L-alanine, and glutamine, all of which potentiated GSIS ( Fig. 4 , A-D, white bars). Again, C1ql3 had no inhibitory effect on the ability of any of these amino acids to increase GSIS ( Fig. 4 , A-D, black bars) (3, 29).
A third major mechanism by which GSIS can be potentiated is by fatty acid signaling. Free fatty acids potentiate GSIS by the activating G q -associated free fatty acid receptors such as GPR40, generating DAG and MAG second messengers. Similarly, inhibition of ␤-oxidation, by 2-bromo-palmitate potentiates GSIS (see Fig. 5E for a schematic). Palmitate, DAG, and MAG all potentiated GSIS including the inhibitor of ␤-oxidation, 2-bromo-palmitate, as expected ( Fig. 5 , A-D, white bars). Addition of C1ql3 had no effect on GSIS potentiated by any of these compounds ( Fig. 5 
A fourth major mechanism potentiating GSIS involves activation of cAMP signaling. cAMP is a critical second messenger whose levels are modulated by several factors, including receptor-mediated signaling by incretins such as glucagon-like peptide-1 (GLP-1) or gastric inhibitory polypeptide (30) . cAMP is required for both basal insulin secretion and is a critical potentiator of GSIS (31) (32) (33) . We first determined the effect of C1ql3 on the ability of the stable GLP-1 receptor agonist, exendin-4 to potentiate GSIS from mouse islets. Exendin-4 potentiated insulin secretion at both 3 and 11 mM glucose ( Fig. 6A , white bars), whereas C1ql3 almost completely inhibited exendin-4-potentiated insulin secretion, independent of glucose concentration ( Fig. 6A , black bars; 92%, p ϭ 0.0007). To establish that the 
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observed inhibitory effects of C1ql3 on exendin-4-potentiated GSIS were specific, insulin secretion experiments were repeated with and without an anti-C1ql3 antibody or isotypespecific IgG control. Exendin-4 (10 nM) was added to stimulate cAMP-mediated signaling. C1ql3 inhibited exendin-4-potentiated insulin secretion, whereas the C1ql3 antibody attenuated this response in a dose-dependent manner compared with the control IgG ( Fig. 6B , black bars). As controls, there was no effect of the C1ql3 or control IgG antibody of exendin-4-potentiated GSIS (Fig. 6B , white bars).
To look at the effect of C1ql3 on cAMP-potentiated insulin secretion directly, a stable, membrane-permeable cAMP analog, 8Br-cAMP (3 mM), was used to stimulate 11 mM GSIS, with and without the addition of C1ql3. C1ql3 almost completely blocked the cAMP-mediated potentiation of GSIS from both mouse islets ( Fig. 6C ; 87%, p ϭ 0.0009) and human islets ( Fig.  6D , ϳ100%, p Ͻ 0.05). Moreover, diluting the C1ql3-conditioned media had a dose-dependent effect on inhibiting cAMPmediated potentiation of GSIS ( Fig. 6E ). Alternatively, we tested the effect of mouse and human C1ql3 recombinant protein on cAMP-stimulated insulin secretion to corroborate the inhibitory effects of C1ql3 that were obtained by using C1ql3-conditioned media. Treating mouse islets with the mouse C1ql3 recombinant protein (5 g/ml) inhibited cAMP-stimulated insulin secretion by 50% ( Fig. 6F ; p ϭ 0.0031 compared with GST treatment). Also, human recombinant C1ql3 protein (0.05, 0.5, and 5 g/ml) dose-dependently inhibited cAMPstimulated insulin secretion from mouse islets ( Fig. 6G ; p ϭ 0.0088 for 5 g/ml of human C1ql3 compared with GST treatment). The highest dose of 5 g/ml of the C1ql3 recombinant protein for these experiments was chosen based on the study previously published by Wei et al. (16) . The inhibitory effect of mouse and human C1ql3 recombinant proteins on the cAMPstimulated insulin secretion was significantly attenuated by anti-C1ql3 antibody compared with the control IgG. Altogether, these results confirm that C1ql3 is an inhibitor of cAMP-potentiated GSIS.
Alterations in the ATP/ADP ratio are known to affect insulin secretion. No effect of C1ql3 was observed on the ATP/ADP ratio in response to varying glucose dose (5, 11, and 16.7 mM) and exendin-4 (10 nM) at 11 mM glucose in mouse islets (Fig.  7A ). Also, C1ql3 treatment did not affect cell viability (Fig. S1A ) or apoptosis determined by the absence of cleaved caspase-3 in mouse islets (Fig. S1B ). Glucose is known to increase cAMP content in mouse islets (34) . Moreover, elevated cAMP content/signaling contributes to the calcium-independent increase of GSIS (31) . Therefore, we determined the effect of C1ql3 on glucose-stimulated cAMP levels in mouse islets. High glucose (16.7 mM) increased cAMP levels by ϳ50% compared to 11 or 5 mM glucose treatment in mouse islets. C1ql3 completely inhibited the increase in cAMP levels observed at 16.7 mM glucose ( Fig. 7B , p ϭ 0.023). cAMP increases insulin secretion by acti- 
vating protein kinase A (PKA) and Epac2. We determined the effect of C1ql3 on Epac2 and PKA to stimulate insulin secretion. Epac2 selective agonist 8-pCPT-2Ј-O-Me-cAMP-AM (8-CPT-AM) increased insulin secretion at 5, 7, and 11 mM glucose from mouse islets. C1ql3 inhibited the 8-CPT-AM potentiated increase in insulin secretion at 5, 7, and 11 mM glucose concentrations by ϳ50% ( Fig. 7C ). Alternatively, PKA selective agonist 6-Bnz also potentiated insulin secretion at 5, 7, and 11 mM glucose concentrations from mouse islets. C1ql3 inhibited the potentiation of insulin secretion by 6-Bnz stimulated at 5, 7, and 11 mM glucose concentrations by ϳ40% ( Fig.  7D ). Moreover, C1ql3 alone did not inhibit insulin secretion at 5, 7, and 11 mM glucose concentrations compared to control (Fig. 7, C and D) . Next, we determined whether C1ql3 modulates the activity of PKA by using phospho-PKA substrate antibody, which detects motifs in proteins that are phosphorylated by PKA. cAMP increased the PKA activity in mouse islets at 11 mM glucose. Conditioned media containing C1ql3 and human C1ql3 recombinant protein significantly decreased cAMPstimulated activity of the PKA by 30 -40% (Fig. 7, E and F) . Figure 6 . The effect of C1ql3 on exendin-4 incretin signaling stimulated insulin secretion. Mouse islets were isolated and incubated overnight in the supplemented RPMI 1640 culture media at 8 mM glucose. Next day, the insulin secretion experiment was performed in the presence of C1ql3 or control CM as described under "Experimental procedures" in response to different insulin secretagogues. A, insulin secretion experiments were performed in mouse islets treated with 10 nM exendin-4 (a stable analog of GLP-1) in response to 3 and 11 mM glucose, in the presence of C1ql3 or control CM. B, the effect of C1ql3 and IgG isotype control antibody at 0.1 and 5 ng/ml concentrations was determined in mouse islets treated with 10 nM exendin-4 at 11 mM glucose in the presence of C1ql3 CM. The following two control treatments were used in this experiment to show the specificity of C1ql3 and control IgG in this experiment: the effect of C1ql3 IgG in the presence of 10 nM exendin-4 (at 11 mM glucose) along with control CM and isotype control IgG in the presence of 10 nM exendin-4 (at 11 mM glucose) along with C1ql3 CM. The effect of C1ql3 and control CM on insulin secretion was determined in the presence of 3 mM 8Br-cAMP at 11 mM glucose (membrane permeable cAMP) in mouse (C) and human (D) islets. E, the effect of diluting C1ql3 CM five times in the culture media on insulin secretion. F, the effect of mouse C1ql3 recombinant protein compared with the control GST protein (28 kDa, molecular mass similar to C1ql3) on insulin secretion in mouse islets in response to 3 mM 8Br-cAMP at 11 mM glucose. Also, the effect of anti-C1ql3 and IgG isotype control antibodies was determined on insulin secretion from islets treated with C1ql3 recombinant protein in the presence of 3 mM 8Br-cAMP at 11 mM glucose. G, dose-dependent effect of the human C1ql3 recombinant protein compared with the GST protein in mouse islets in response to 3 mM 8Br-cAMP at 11 mM glucose. Also, the effect of anti-C1ql3 and isotype control antibodies was determined on insulin secretion from islets treated with C1ql3 recombinant protein in the presence of 3 mM 8Br-cAMP at 11 mM glucose. The insulin secreted in response to treatments was normalized to the total insulin and is reported as a percent of total insulin (secreted plus cellular). Values are mean Ϯ S.E. of n Ն 3. The asterisk (*) indicates that the p value is significantly lower (p Յ 0.05) for the insulin secreted in the presence of C1ql3 compared with control treated islets. The hash mark (#) indicates that the p value (p Յ 0.05) is significantly lower for the insulin secreted from cells treated with C1ql3 antibody and C1ql3 versus C1ql3 alone. Figure 7 . The effect of C1ql3 on cAMP signaling in islets. Mouse islets were isolated and incubated overnight in supplemented RPMI 1640 culture media at 8 mM glucose. Next day, the experiment was performed to determine (A) ATP/ADP ratio as described under "Experimental procedures" in mouse islets treated with insulin secretagogues in the presence of C1ql3 or control CM. B, the effect of C1ql3 and control CM was determined on cAMP levels in mouse islets in response to the increasing dose of glucose as described under "Experimental procedures." The cAMP levels were normalized to the total protein levels determined by the BCA assay. Values are mean Ϯ S.E. of n Ն 3. *, p Յ 0.05 for the cAMP levels in islets treated with C1ql3 CM compared with the control CM in response to high glucose. Insulin secretion was determined in response to (C) Epac2 selective agonist 8-CPT-AM, and (D) PKA selective agonist 6-Bnz in the presence of C1ql3 or control CM at increasing dose of glucose in mouse islets. The insulin secreted in response to treatments was normalized to the total insulin and is reported as a percent of total insulin (secreted plus cellular). Values are mean Ϯ S.E. of n Ն 3. The asterisk (*) indicates that the p value is significantly lower (p Յ 0.05) for the insulin secreted in the presence of C1ql3 compared with control treated islets. E, the Western blot shows the relative protein abundance of pPKA substrates in response to C1ql3 CM and human (h) C1ql3 recombinant at 3 mM cAMP at 11 mM glucose in mouse islets. The blot is representative of n ϭ 3 experiments. F, the quantitation for the PKA activity was performed by normalizing the protein abundance of pPKA substrates by the actin. Values are mean Ϯ S.E. of n Ն 3. *, p Յ 0.05 for the PKA activity in mouse islets treated with C1ql3 compared with the control CM in response to 3 mM cAMP at 11 mM high glucose.
These results show that C1ql3 inhibits cAMP levels and also modulates cAMP-stimulated insulin secretion by inhibiting Epac2 and PKA-signaling pathways in mouse islets.
BAI3 regulates insulin secretion from pancreatic ␤-cells
BAI3 was reported as a C1ql3 receptor in the brain (14, 35) . However, the role for BAI3 in ␤-cell function has not been described. We first determined the Bai3 mRNA expression pattern in mouse tissues, including pancreatic islets, using quantitative RT-PCR. In tissues from lean C57BL/6J mice, Bai3 is expressed in islets at levels comparable with those of brain (⌬C t ϭ Ϫ13 versus ⌬C t ϭ Ϫ12), whereas the expression in liver, adipose, kidney, or gastrocnemius is relatively low (Fig. 8A) . Bai3 is expressed in mouse islets, human islets, and pancreatic ␤ (INS1 (832/13) and MIN6B1) cell lines (Fig. 8B) . We performed immunocytochemistry by using confocal imaging to determine the protein expression of BAI3 and Glut2 in INS1 (832/13) cells (Fig. 8C ). BAI3 (green) is localized on the plasma membrane of the INS1(832/13) cells. Glut2 (red) is a plasma membrane marker. Merge (orange) shows that BAI3 colocalizes with Glut2. DAPI (blue) stains nucleus of INS1(832/13) cells. No signal was observed from INS1(832/13) cells in the absence of BAI3 primary antibody (Fig. 8C) .
The cell-binding assay was performed to determine that C1ql3 in the conditioned media is capable of binding to the BAI3 receptor. For this experiment, Hek293FT cells were transiently transfected with or without Bai3-mVenus expressing plasmid. Immunocytochemistry was performed, and stained cells were imaged by using a fluorescence microscope. BAI3transfected cells were incubated with either C1ql3 or control conditioned media for 45 min at 37°C prior to fixing the cells for imaging. Anti-GFP antibody was used to stain for cells expressing BAI3 (green). BAI3-mVenus expressing cells that were incubated with C1ql3 showed far-red staining for C1ql3 on the plasma membrane of Hek293FT cells by using anti-C1ql3 antibody. Merged (yellow) image shows that C1ql3 present in the conditioned media binds to the BAI3 present on the cell membrane ( Fig. 9A ). No staining for C1ql3 was observed in BAI3-mVenus expressing cells that were incubated with the control conditioned media (Fig. 8B) . Additionally, no staining for BAI3 or C1ql3 was observed in untransfected cells that were incubated with C1ql3-conditioned media (Fig. 8C) . These results establish that C1ql3 in the conditioned media has the ability to specifically bind to BAI3 G protein-coupled receptor.
BAI3 mediates the inhibitory effects of C1ql3 on insulin secretion
We determined whether BAI3 regulates insulin secretion. For this, insulin secretion experiments were performed in INS1(832/13) cells that were transfected either with small interfering (si) RNA targeting Bai3 or siScramble control. Approximately, 50% reduction in the mRNA abundance of Bai3 was observed in INS1(832/13) cells transfected with siBai3 compared with siScramble (p Ͻ 0.05) (Fig. 10A) . Insulin secretion experiments were performed at low glucose (3 mM) and high glucose (15 mM) concentrations. A 2-fold (p ϭ 0.0077) increase in insulin secretion was observed in cells treated with siBai3 as compared to siScramble at low glucose (3 mM) ( Fig.  10B) . Moreover, a 50% increase in insulin secretion (78%, p ϭ 0.0038) was observed in cells treated with siBai3 compared to A, tissues were isolated from 10-week-old C57BL6/J mice and total mRNA was harvested from islets, liver, adipose, gastrocnemius (gastroc), kidney, heart, and brain. B, human islets, INS1(832/13), and MIN6B1 cells were harvested and total mRNA was prepared. Quantitative real-time PCR was performed to determine the relative mRNA abundance of BAI3. The data were normalized to the ␤-actin gene. The ⌬C t was calculated by subtracting the raw C t of the BAI3 gene from the raw C t of the ␤-actin gene. Values are mean Ϯ S.E. of n Ն 3. C, immunofluorescence by confocal imaging was performed in INS1(832/13) ␤-cells using anti-BAI3 antibody (green). The Glut 2 (red) antibody was used as a plasma membrane marker. The localization of BAI3 on the plasma membrane is shown by arrows or as colocalization as a merge in orange. No primary antibody control was used to show that no nonspecific signal was observed from the secondary antibody (scale bar ϭ 10 m). Figure 9 . The binding of C1ql3 in the CM to the BAI3 receptor. Cell-surface labeling assay using immunofluorescence was performed in Hek293FT cells that were transiently transfected with BAI3-mVenus or empty vector control. The cells were incubated for 45 min with C1ql3 or control CM at 37°C in the cell culture incubator. The cells were fixed for staining as described under "Experimental Procedures." The BAI3 is in green, C1ql3 in far-red, DAPI in blue, and the bound C1ql3 to BAI3 is shown as a merge in yellow color.
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siScramble at high glucose (15 mM) ( Fig. 10C) . These outcomes show that BAI3 inhibits insulin secretion from INS1(832/13) cells. C1ql3 treatment inhibited high glucose (15 mM)-stimulated insulin secretion from INS1(832/13) cells by 40% (Fig.  10C ). BAI3 knockdown completely attenuated the C1ql3-mediated inhibition of insulin secretion observed in INS1(832/13) ( Fig. 10C ). Similar to mouse islets, no inhibitory effect of C1ql3 was observed on insulin secretion at low glucose in INS1(832/ 13) cells (Fig. 10B) .
To further establish that BAI3 mediates the inhibitory effects of C1ql3 on cAMP-stimulated insulin secretion, insulin secretion from mouse islets was stimulated by 11 mM glucose and 3 mM 8Br-cAMP with and without the addition of C1ql3 and a C1ql3 inhibitor, a recombinant soluble N-terminal C1ql3binding BAI3 fragment. C1ql3 alone inhibited cAMP-potentiated GSIS, repeating the results obtained previously (Fig. 10D ). The recombinant soluble N-terminal C1ql3-binding BAI3 fragment dose-dependently blocked the inhibition of cAMP-potentiated GSIS by C1ql3 (Fig. 10D) . At the highest concentrations used (0.5 and 2.5 g/ml sBAI3), the ability of C1ql3 to inhibit insulin secretion was completely attenuated (p ϭ 0.009). As a control, experiments were performed using recombinant GST, chosen for its similar molecular weight to C1ql3, 0.5 g/ml of recombinant GST was unable to attenuate the inhibitory effects of C1ql3 on cAMP-potentiated insulin secretion ( Fig. 10 ; p ϭ 0.797 as compared with C1ql3 alone). Furthermore, neither 0.5 nor 2.5 g/ml of sBAI3 inhibited cAMP-potentiated GSIS in the absence of C1ql3 (p ϭ 0.0697 as compared with 0.6987) (Fig. 10) . These results confirm that BAI3 has a functional role in regulating cAMP-potentiated insulin secretion and mediates the inhibitory function of C1ql3.
Discussion
Herein, by using biochemical and cell-based approaches, we investigated the effect of C1ql3 protein in regulating insulin secretion from primary isolated islets in response to a variety of different stimulators/potentiators of insulin secretion. The data presented here show that C1ql3 inhibits insulin secretion by attenuating signaling pathways activated in response to high glucose, KCl, tolbutamide, and cAMP signaling. The cell-surface receptor for C1ql3 was identified as BAI3. Our data show that BAI3 is expressed in primary mouse and human pancreatic islets and insulinoma cell lines, and that knockdown of Bai3 stimulates GSIS from ␤-cell-derived INS1(832/13) cells. Fur- 
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thermore, by performing BAI3-receptor knockdown and using the soluble N-terminal C1ql3-binding fragment of BAI3 protein we showed that BAI3 is the sole mediator of the inhibitory effects of C1ql3 on insulin secretion. Our data demonstrate that the activation of this novel C1ql3/BAI3 signaling pathway causes impairment in ␤-cell function. Altered signaling of C1ql3/BAI3 during obesity and T2D might contribute to the ␤-cell dysfunction observed in these conditions.
The amplification of insulin secretion by various mechanisms requires the triggering of the secretion process itself by closure of the K ATP channels, depolarization of the cell membrane, and the influx of Ca 2ϩ from voltage-dependent Ca 2ϩ channels. Many signaling pathways, mitochondrial metabolites, fatty acids, amino acids, and second messengers can potentiate the secretion of insulin that has already been triggered (1, 3) . Unique among the second messengers is cAMP. It cannot only amplify GSIS, but is also required for the triggering phase (30, 31, 36 -39) . The effect of C1ql3 on insulin secretion is completely consistent with its action by regulation of intracellular cAMP. It inhibits insulin secretion triggered and amplified by a stimulatory concentration of glucose ( Figs. 1, 2, and 6) . In low glucose, it inhibits insulin secretion triggered by direct depolarization of the cell membrane by the sulfonylurea, tolbutamide or KCl (Fig. 2, A and B) . C1ql3 has no effect on the potentiation of insulin secretion by any mediator of solely the amplifying pathway tested (Figs. 3-5 ). The only amplifying pathway C1ql3 inhibited was the cAMP-mediated amplifying pathway. C1ql3 inhibited insulin secretion potentiated by exendin-4 ( Fig. 6) , a selective ligand of the GLP-1 receptor, known to act by stimulation of cAMP production (40, 41) , as well as insulin secretion potentiated by direct activation of the cAMP amplifying pathway by a stable, cell-permeable cAMP analog, 8Br-cAMP (Fig. 6, C and D) .
The inhibitory effects of C1ql3 on insulin secretion in islets are mediated by BAI3. The BAI3 receptor is expressed in pancreatic ␤-cells, and siRNA-mediated knockdown of Bai3 in the INS1(832/13) ␤-cell line caused an increase in insulin secretion in response to low (1.5 mM) and high (15 mM) glucose treatments (Fig. 10, B and C) . These outcomes point to the adaptive role of the BAI3 signaling pathway in response to varying glucose concentrations in ␤-cell. Moreover, the C1ql3-binding fragment of the BAI3 receptor dose-dependently rescued the inhibitory effects of C1ql3 on cAMP-stimulated insulin secretion from mouse islets (Fig. 10) . Taken together, our results indicate that the inhibitory effects of C1ql3/BAI3 signaling on insulin secretion are mediated via negative regulation of the cAMP signaling pathway.
We have confirmed C1ql3 acts through BAI3 to negatively regulate the stimulatory effects of cAMP on insulin secretion. But what are the specific intracellular mechanisms by which this could be occurring? Previously, Tian et al. (36, 37) reported that islets treated with 11-30 mM glucose showed a dose-dependent increase in cAMP oscillations near the plasma membrane, which were not due to changes in the cytoplasmic [Ca 2ϩ ] i concentrations. Furthermore, Dyachok and co-workers (31, 39) have reported treating islets with high glucose causes cAMP oscillations that contribute to insulin secretion. Glucose, tolbutamide, and KCl have been shown to increase cAMP levels in ␤-cells via activation of adenylyl cyclase activity (38, 42, 43) . Furthermore, tolbutamide was reported to bind and activate Epac2 (44) , one of the classical downstream cAMP targets (the other being protein kinase A). Our results show that the inhibitory effects of C1ql3 on insulin secretion observed at 16.7 mM (high) glucose were correlated with the inhibition in the cAMP levels at 16.7 mM glucose (Fig. 7B) . Additionally, no effect of C1ql3 was observed on insulin secretion or cAMP levels at 11 or 3 mM in mouse islets. These outcomes along with the complete attenuation of exendin-4/cAMP-stimulated insulin secretion suggest that C1ql3 in ␤-cells functions by regulating cAMP levels and it's signaling pathway. Determining how C1ql3 inhibits cAMP signaling remains part of the future studies.
The formation of the SNARE complex is required for the fusion of insulin granules to the plasma membrane and secretion of insulin to the plasma (45) . This is a major rate-limiting step in the secretion of insulin and is regulated by several SNARE-regulatory proteins. Because C1ql3 does not ubiquitously inhibit stimulation of insulin secretion in response to all insulin secretagogues, it suggests that the effects of the C1ql3activated signaling pathway in regulating insulin secretion are more distal or upstream to the proteins that are directly involved in the formation of the SNARE complex. Both Epac2 and PKA are known to modulate the activity of the K ATP channel to regulate the formation of the SNARE complex: Epac2 (by direct binding) and PKA (by phosphorylation). Incretins such as GLP-1 increase cAMP levels by activating stimulatory GPCRs, causing the adenylate cyclase-mediated conversion of ATP to cAMP (30) . Our results show in addition to inhibiting cAMP levels, C1ql3 also inhibits Epac2 and PKA-stimulated insulin secretion. Both PKA and Epac2 regulate insulin secretion by distinct mechanisms. Therefore, it remains to be determined the precise mechanisms by which C1ql3 regulates Epac2 and PKA signaling (e.g. K ATP channels, SNARE complex formation) to regulate insulin secretion.
Our data are suggestive of ligand-independent effects of BAI3 on insulin secretion. siRNA-mediated knockdown of the BAI3 receptor in the absence of exogenous ligand increased insulin secretion at low glucose (Ͻ2.8 mM) ( Fig. 8B) . However, the inhibitory effects of C1ql3 on insulin secretion in mouse islets were observed at 16.7 mM, and not at 11 or 3 mM glucose concentration (Fig. 1) . The ligand-independent effects of BAI3 could potentially be due to the basal activity of the BAI3 receptor, or it may serve as a receptor for ligands that are similar in structure to C1ql3 (for example, C1ql1, C1ql2, or C1ql4) to regulate insulin secretion. These possibilities are currently being investigated. It is also possible that the islet-derived C1ql3 acts on the ␤-cell in an autocrine or paracrine fashion; thus, by reducing BAI3 levels we are reducing signaling by endogenous C1ql3. There is precedence for this type of scenario. The classical gut hormone, GLP-1, is now known to have its actions on the ␤-cell not by its secretion from the gut, but by alternative processing of the prepro-glucagon peptide in the ␣-cell and paracrine signaling to the ␤-cell GLP-1 receptor (46, 47) .
GWAS studies indicate a SNP (rs2184723) in the human BAI3 gene is associated with T2D in a Mexican American population (p ϭ 4.16E-4) (48, 49) . These findings demonstrate that
BAI3 expression might be a maladaptation to genetics and the risk allele in the BAI3 may manifest in reducing ␤-cell function and increasing susceptibility to T2D in the metabolic stress of obesity.
The specificity of C1ql3 for the cAMP signaling pathway has significant clinical relevance. There are already two classes of T2D therapeutics that act through the cAMP pathway: the stable GLP-1 analogs and DPP4 inhibitors (50, 51) . These have become well-accepted (52) (53) (54) . Yet, they are not effective or are incompletely effective in a percentage of T2D patients (55) (56) (57) . Inhibition of the C1ql3/BAI3 axis may be an alternative target to treat people with diabetes. It has already been demonstrated that dysfunctional cAMP-inhibitory GPCR signaling pathways can at least partially restore glucose-stimulated and incretinpotentiated insulin secretion from islets isolated from T2D mice and humans (58 -60) . Combined with the potential maladaptive expression of BAI3 in obese and/or diabetic conditions, our data suggest the C1ql3/BAI3 signaling pathway as a novel target for T2D therapeutics.
Experimental procedures
Antibodies and chemicals
Insulin standards and anti-insulin antibodies used in ELISA were purchased from EMD-Millipore and Fitzgerald Industries, respectively. The metabolites used in insulin secretion studies were purchased from Sigma: dimethyl-2-oxoglutarate (␣KG, 349631), L-glutamic acid dimethyl ester hydrochloride (glutamate, 49560), 1-monopalmitoleoyl-rac-glycerol (M7890), dimethyl (S)-(Ϫ)-malate (374318), sodium 4-methyl-2-oxovalerate (␣KIC, K0629), DL-isocitric acid trisodium salt hydrate (I1252), L-glutamine (G3126), L-leucine (L8000), L-alanine (A7627), tolbutamide (T0891), 2-bromohexadecanoic acid (21604), 8-bromoadenosine 3Ј,5Ј-cyclic monophosphate sodium salt (B7880), and sodium palmitate (P9767) conjugated to BSA (Fitzgerald, 30-AB79). Exendin-4 was from Med Chem Expres (HY-13443). The anti-FLAG, anti-IgG control, and secondary antibodies were from Cell Signaling Technology (CST). Antibody for C1ql3 (Abcam, ab107006), GFP (Abcam, ab13970), BAI3 (Sigma, SAB4502524), Glut2 (Santa Cruz, sc7580), actin (DSHB, JLA20-s), caspase-3 (Cell Signaling, 9661S), PKA substrate (Cell Signaling, 9624S), and total caspase-3 (Cell Signaling, 14220S) were used in Western blotting or immunofluorescence. Soluble BAI3 and human C1ql3 recombinant proteins were purchased from R & D Systems. Selective Epac2 agonist (Tocris, 4853: 8-pCPT-2-O-Me-cAMP-AM) and PKA agonist (Tocris, 5255: 6-Bnz-cAMP sodium salt) were purchased from Tocris. siRNA oligos for knockdown experiments were from Sigma (MISSION siRNA Universal, Negative Control #1, and siBAI3 (SIC001)).
Expression constructs
The FLAG-tagged C1ql3 mammalian expression plasmid was purchased from OriGene. The untagged C1ql3 mammalian expression plasmid was generated by cloning C1ql3 cDNA (ATCC) into an Moloney murine leukemia virus-based lentiviral vector (3565) (a gift from Dr. Bill Sugden, University of Wisconsin-Madison, WI). The BAI3-mVenus expression plasmid was a gift from Dr. Thomas Südhof (Stanford University, CA) Cell culture and transient transfection INS1(832/13) pancreatic ␤-cells (gift from Dr. Christopher Newgard, Duke University, NC) were cultured in supplemental RPMI 1640 media containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, and 100 units/ml of antimycotic-antibiotic along with 50 M ␤-mercaptoethanol. Approximately, 500,000 and 100,000 cells were plated in each well of 24-and 96-well plates, respectively. Next day, ϳ75-80% confluent cells were transfected with 20 M siScramble (Control) or siBAI3 using Lipofectamine 2000 (Invitrogen). After 36 h, cells were harvested for RNA or static insulin secretion analysis.
The Hek293FT cells were cultured in Dulbecco's modified Eagle's medium high glucose culture media containing 25 mM glucose, 10% FBS, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 6 mM L-glutamine, 100 units/ml of penicillin and streptomycin. The Hek293FT cells were plated at the density of 70 -80% confluence before they were transfected with 10 g of plasmid expressing C1ql3 and GFP by using Lipofectamine 2000. After 6 h, transfection media (Opti-MEM) was removed and replaced with the supplemented RPMI 1640 containing 3 mM glucose without antibiotics. After 36 h, C1ql3 and control conditioned media were used in the experiments.
Mouse islets were isolated from 10 -12-week-old C57B6/J male or female mice using a collagenase digestion method (61) . Isolated islets were cultured overnight in supplemented RPMI 1640 containing 8 mM glucose. After 16 h, size-matched islets were hand-picked for static insulin secretion assay. Human islets were obtained from our collaborator Dr. Appakalai N. Balamurugan, University of Louisville, KY. Human islets were cultured overnight in supplemented RPMI 1640 culture media containing 8 mM glucose. Next day, the insulin secretion experiment was performed using these islets.
Insulin secretion in INS1(832/13), mouse and human islets
Static insulin secretion in INS1(832/13) pancreatic ␤-cells was performed in Krebs-Ringer bicarbonate-based buffer (KRB: 118.41 mM NaCl, 4.69 mM KCl, 1.18 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 25 mM NaHCO 3 , 20 mM HEPES, 2.52 mM CaCl 2 , pH 7.4, and 0.2% BSA) containing 1.5 mM glucose as described previously (62) . Briefly, INS1(832/13) cells were preincubated in 100 l of KRB-HEPES-based buffer containing 1.5 mM glucose for 2 h. Next, the preincubation buffer was aspirated and replaced with 100 l of KRB-HEPES-based incubation buffer containing 1.5 or 15 mM glucose. Insulin secreted in the incubation media in response to treatment was quantitated by using in-house insulin ELISA and was expressed as a percent of the total insulin content (secreted plus cellular insulin).
Six size-matched mouse islets were handpicked for secretion assay into each well of a 96-well plate. The procedure was performed as described previously (61) . Briefly, islets were preincubated in 100 l of RPMI 1640 containing 3 mM glucose for 45 min. Next, the preincubation media was removed and replaced with C1ql3 or control conditioned media along with insulin secretagogues for another 45 min. Culture media and islets were processed to determine insulin levels by using in-house ELISA. For the insulin content, islets harvested by using acid-
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ethanol and the abundance of insulin was estimated by using ELISA. The insulin secreted was normalized to the total insulin (secreted plus content) and the data are represented in this manuscript as a percent of total. Insulin secretion experiments in human islets were performed by using 20 islets.
Isolation and quantitation of RNA
Total mRNA was extracted from mouse tissues, human islets, mouse islets, ␤-cells, INS1(832/13), and Hek293FT cells by using Qiagen RNeasy Plus Kit. Following extraction, 1 g of RNA was used for cDNA synthesis (Applied Biosystems). The relative mRNA abundance was determined by quantitative PCR using Fast Start SYBR Green (Applied Biosystems) and gene expression was calculated by the comparative ⌬C t method. The data are presented as ⌬C t , which is calculated by subtracting the C t of the test gene from C t of the ␤-actin (reference).
Isolation and quantitation of protein
Cells were lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture tablet (Roche Applied Science). The extraction of soluble proteins, quantitation, and Western blot analysis was performed as described previously (63) .
cAMP production assay
Islets were isolated and preincubated in RPMI 1640 as described above for the insulin secretion assay. For each replicate, 10 islets were picked into each well of a 96-well plate containing 100 l of C1ql3 or control conditioned media with 200 M of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (Sigma) and the indicated concentrations of glucose. After 45 min, the islets were pelleted by a centrifugal pulse, and the conditioned media was removed. Islets were immediately lysed for cAMP ELISA according to the manufacturer's protocol (cAMP Biotrak TM enzyme immunoassay system; GE Healthcare). Each sample treatment was measured in triplicates and was averaged to calculate the mean Ϯ S.E.
Cell viability measurement
The CellTiter-Glo Luminescent Cell Viability Assay (Promega Corp., Madison, WI) was used according to the manufacturer's protocol to measure ATP as an indicator of cell viability. Briefly, islets were isolated and preincubated in RPMI 1640 as described above for insulin secretion assays. For each treatment 10 islets were picked into each well of a 96-well plate containing 100 l of C1ql3 or control conditioned media and the indicated concentrations of glucose. After 45 min, the islets were pelleted by a centrifugal pulse, and the conditioned media was removed. Islets were immediately processed for ATP or ATP/ADP ratio measurements according to the manufacturer's protocol.
ATP/ADP ratio measurement
The ATP to ADP ratio was measured using the EnzyLight TM Assay Kit (ELDT006, BioAssay Systems) for bioluminescent assay according to the manufacturer's protocol. Briefly, islets were isolated and preincubated in RPMI 1640 as described above for insulin secretion assays. For each treatment, 60 islets were picked into each well of a 96-well plate containing 100 l of C1ql3 or control conditioned media and the indicated concentrations of glucose. After 45 min, the islets were pelleted by a centrifugal pulse, and the conditioned media was removed. Islets were immediately processed for the estimation of the ATP to ADP ratio measurements according to the manufacturer's protocol.
Immunohistochemical analysis
The immunohistochemical study was conducted using INS1 (832/13) cells or human embryonic kidney (Hek293FT) cells. Cells were grown on coverslips coated with poly-D-lysine. The cells are then fixed with a 4% paraformaldehyde in phosphatebuffered saline (PBS) solution, blocked with 10% normal donkey serum for 1 h. Blocking buffer was washed with 0.1% bovine serum albumin (BSA) in PBS with 0.01% sodium azide. A primary antibody was diluted in 2% BSA in PBS containing 0.3% Triton X-100 and 0.01% sodium azide. The antibody was added to the coverslips overnight at 4°C. Next day, the primary antibody was washed and the secondary antibody from Jackson ImmunoResearch (1:500) was applied to the coverslips for 1 h at the room temperature. Finally, the coverslip was mounted on a microscope slide with a mounting buffer containing DAPI. The slides were analyzed by fluorescent or confocal microscope.
PKA activity assay
Islets were isolated and preincubated in RPMI 1640 as described above for insulin secretion assays. For each treatment, 300 islets were picked into a microcentrifuge tube containing 1 ml of C1ql3 or control conditioned media or human c1ql3 recombinant protein (hC1ql3) with 11 mM glucose in the presence or absence of cAMP. After 30 min, the islets were pelleted by a centrifugal pulse, and the media was removed. Islets were washed quickly using ice-cold PBS and immediately lysed for protein using protein lysis buffer as described above. These samples were then analyzed using Western blotting using phosphor-PKA (pPKA) antibody and the relative abundance of proteins was quantified by ImageJ.
Caspase activity measurement
Islets were isolated and preincubated in RPMI 1640 as described above for insulin secretion assays. For each treatment, 300 islets were picked from a microcentrifuge tube containing 1 ml of C1ql3 or control conditioned media or human C1ql3 recombinant protein (hC1ql3) at 11 mM glucose in the presence or absence of cAMP. After 30 min, the islets were pelleted by a centrifugal pulse, and the media was removed. Islets were washed quickly using ice-cold PBS and immediately lysed for protein using protein lysis buffer as described above. These samples were then analyzed by the Western blotting by using total caspase-3 and cleaved caspase-3 antibody.
Statistical analysis
Data were expressed as mean Ϯ S.E. Statistical comparisons were made using Student's t test at p Ͻ 0.05.
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